Abstract. Recent observations give some clues that the lenses which the micro-lensing experiments have discovered in the direction of the Magellanic Clouds may be located in these satellite galaxies. We re-examine the possibility that self-lensing alone may account for the optical depth measured towards the Large Magellanic Cloud (lmc). We present a stellar multi-component model which is consistent with the micro-lensing observations as well as with various dynamical constraints such as the lmc rotation curve, mass and surface brightness. In this work, the emphasis is placed on the possibility that the vertical stellar dispersion velocities, in the LMC disk, may be as large as 60 km/s. We reconcile such a large value with the limit of 20 − 30 km/s set by observation on specific lmc populations such as carbon stars. Stellar species of the lmc disk and their formation history are under scrutiny, in the light of both an analytic approach and a Monte Carlo simulation. Our model reproduces the total observed optical depth towards the lmc as well as the observed event duration distribution, while complying with the velocity dispersion measurements.
Several collaborations (Alcock et al. 1993 , Aubourg et al. 1993 ) are searching for galactic dark matter through the use of gravitational microlensing (Paczyński 1986) towards the Magellanic Clouds. Events have been observed, for which location and mass cannot be determined independently. The current results do not yet yield a coherent explanation: half of the halo of the Milky Way in 0.5 M ⊙ objects (Alcock et al. 1997) would require a puzzling star formation history, whereas traditional models of the lmc do not predict a self-lensing optical depth high enough to account for all the observed events (Gould 1995) . The only events with additional information all seem to be located in the Clouds themselves (Bennett et Send offprint requests to: Eric.Aubourg@cea.fr , Palanque-Delabrouille et al. 1998 , Afonso et al. 1998 , which makes it worthwhile to re-examine the experimental constraints on the Clouds kinematics and explore more thoroughly models of the lmc. Here we show that it is possible to build a self-consistent model of the lmc that reproduces the current observations of velocity dispersions while yielding an optical depth in agreement with the results from microlensing experiments. We focuse on the possibility that the dispersion velocities of the bulk of the lmc stars may be ∼ 2 − 3 times larger than the upper limit inferred from the measurements of carbon or red-giant stars. We present a simple analytical model of the stellar formation history of the lmc disk, as well as a Monte Carlo simulation.
Present observational constraints
The bulk of the mass of the lmc resides in a nearly face-on disk, with an inclination usually taken to equal the canonical value of i = 33
• (Westerlund 1997) , although both lower (27 • ) and higher (up to 45 • ) values have also been derived from morphological or kinematical studies of the lmc. This disk is observed to rotate with a circular velocity V C ∼ 80 km/s out to at least 8
• (and maybe 15 • ) from the lmc center (Schommer et al. 1992) . If all the stars belong to the same population, with a vertical (i.e. perpendicular to the disk) velocity dispersion σ W , the microlensing optical depth of such a disk upon its own stars is given by τ ∼ 2σ 2 W /c 2 cos 2 i (Gould 1995). Considering the measured velocity of lmc CH stars (Cowley & Hartwick 1991) , Gould assumed σ W = 20 km s −1 (Gould 1995) as a typical velocity dispersion for lmc stars. He thus concluded that τ ∼ 10 −8 , i.e. that self-lensing (first suggested by Sahu 1994) contributes very little to the observed optical depth towards this line of sight.
However, both theoretical (Wielen 1977 ) and observational (Meatheringham et al. 1988 , Hughes et al. 1991 arguments favour the existence of a wide range of velocity dispersions among the various lmc stellar populations (Aubourg et al. 1999 ): HI gas has a lower velocity dis-persion than any star population, while Long Period Variables (LPV) exhibit an increase of their velocity dispersion with age (Hughes et al. 1991) . In this paper, we use the relationship between age and velocity dispersion of stellar populations to derive the self-lensing optical depth of the lmc.
Age of CH stars
The main argument in disfavour of a lmc self-lensing explanation is the low value of the vertical velocity dispersions of the stellar populations so far surveyed. Measurements point toward σ W ∼ 20 km/s whereas a value of 50-60 km/s is necessary to reconcile τ lmc with the observed value of ∼ 1 − 2 × 10 −7 . Carbon stars (CH) but also Planetary Nebulae (PN) as well as LPVs have been used to infer this vertical dispersion velocity. We estimate that these populations are not representative of the bulk of the lmc disk stars: we show here that they are on average ∼ 2 − 3 Gyrs old, to be compared to an lmc age of ∼ 12 Gyrs. Furthermore, stars of the lmc disk have been continuously undergoing dynamical scattering by, for instance, molecular clouds or other gravitational inhomogeneities. This results in an increase of the velocity dispersion σ of a given stellar population with its age t, according to the relation (Wielen 1977) :
Because PNs, LPVs and CH stars are on average relatively young, they have not had enough time to diffuse in velocity space: their velocity dispersion remains low. We estimate in particular that if on the one hand the average vertical velocity dispersion of CH stars is ∼ 20-25 km/s, on the other hand, 70% in mass of the lmc disk consists of objects whose vertical velocity dispersion is in excess of 25 km/s. The case of CH stars will illustrate the main thrust of our argument. Carbon stars belong to a fairly ill-defined stellar population. They are believed to lie on the asymptotic giant branch (AGB). In the lmc, they have an apparent magnitude ranging from 15.1 up to 12.6 for the brightest members. Measurements of radial velocities in the lmc are based on the brightest objects, predominantly stars that have left the MS and are today in the GB or AGB stages. Such objects are actually evolved post MS stars, which does not mean necessarily that they are old. Although the question of their actual lifetime is still open, we have assumed for simplicity that CH stars all spend the same amount of time during the AGB stage, irrespective of their mass, i.e., τ AGB (m) ≃ 3 Myrs. We have then assumed a Salpeter Initial Mass Function for the various lmc stellar populations
with α = 1.35. The stellar formation history has been borrowed from Geha et al 1998. Their preferred model (e) corresponds to a stellar formation rate F (t) that has remained constant for 10 Gyrs since the formation of the lmc 12 Gyrs ago. Then, two Gyrs ago, F (t) has increased by a factor of three. The number of stars that formed at time t and whose mass is comprised between m and m + dm may be expressed as
The final ingredient is the relation between the age of a star and the mass m of its progenitor. We adopted the expression τ MS (m) = 12 Gyrs/m 3 . With these oversimplified but natural assumptions, a star whose initial mass is ≤ 1 M ⊙ is still today on the MS and cannot have reached the GB or AGB stage. Conversely, a heavier star with m ≥ 1 M ⊙ may well be today on the AGB provided that its formation epoch lies in the range between t = − τ MS (m) (the object has just reached the AGB) and t = − τ MS (m) − τ AGB (m) (the star is about to leave the AGB). The number of AGB stars observed today with progenitor mass in the range between m and m + dm is therefore given by
The total number of AGB stars today is just the integral of the previous relation where the progenitor mass m lies from m 1 = 1 M ⊙ up to the tip of the IMF whose actual value is irrelevant and has been set equal to infinity here for simplicity. Notice that the specific progenitor mass m 2 ≃ 1.8 M ⊙ corresponds to stars born 2 Gyrs ago, when the stellar formation rate increased by a factor of 3. Stars formed before that epoch will be referred as old. Their number is given by
On the other hand, the number N young AGB of young AGB stars is obtained similarly, with masses in excess of m 2 . We readily infer a fraction of young AGB stars
More than two thirds of the AGB stars observed today in the lmc have thus formed less than 2 Gyrs ago, during the recent period of stellar formation. Integrating the age τ MS over the AGB population
yields the average age
. (8) This gives a numerical value of ∼ 2.3 Gyrs. We thus conclude that today's AGB stars are, on average, much younger than the lmc disk.
The above reasoning applies as well to any stellar species beyond the MS stage. Our result is in fairly good agreement with what Meatheringham et al. (1988) find for PNs. We have constructed a Monte-Carlo simulation along those lines and confirm an average age for post-MS stars, and for that matter for AGB and CH stars, of 2.7 Gyrs. Their velocity dispersion is 22.4 km/s (resp. 25.9 km/s) while σ W reaches up to 50 km/s (resp. 60 km/s) for the rest of the lmc disk stellar populations, as illustrated in figure 1 . Fig. 1 . Velocity distribution of AGB stars in the lmc as compared to the velocity distribution of the whole stellar population of the Cloud. Both distributions are normalised to the same maximum value for the sake of clarity, although only about 1 star in 7 × 10 4 belongs to the AGB population.
Multi-component model of the lmc
We model the lmc to contain several stellar populations, each associated with a different velocity dispersion σ W,i which has evolved according to equation 1. For the Milky Way, the initial velocity dispersion is σ 0 ∼ 10 km/s and the global diffusion coefficient C ∼ 600 km 2 s −2 Gy −1 , which corresponds to a diffusion coefficient for the vertical component C W ∼ 100 km 2 s −2 Gy −1 . We describe each of the ten components of our model by an ellipsoidal density profile
up to a cut-off radius R MAX = 15 kpc (Aubourg et al. 1999) . The multi-component model based on these profiles is self-consistent in the sense that it satisfies Poisson equation and results in a flat rotation curve with the desired V C of 80 km/s. We defined the set of σ W,i so as to sample linearly the range between σ 0 and σ MAX W . To comply with the observed rotation velocity mentioned previously, we choose the velocity dispersion of the oldest stars to be σ MAX W = 60 km/s, which corresponds to a diffusion coefficient C W ∼ 300 km 2 s −2 Gy −1 . The parameters Λ i and the ellipticities e i are determined so that the model reproduces the set of velocity dispersions σ W,i and surface mass densities Σ i where dΣ i /dσ i ∝ σ i F (t) with F (t) the stellar formation history of the lmc mentioned in section 2. Assuming a typical M/L of 3, which is a free parameter in our model, we reproduce the observed surface brightness of the LMC.
For a given distribution of objects, one can compute the total self-lensing optical depth τ and the event rate Γ. Both quantities are integrated on all deflectors and sources, considering that only main sequence stars brighter than V=20 and red giants can be potential sources, since they are the only objects bright enough to be visible in microlensing surveys. The computation of Γ requires an estimate of the relative transverse velocity of deflector and source, for which we have assumed an horizontal velocity dispersion equal to the vertical one predicted by the model. Details of this computation can be found in (Aubourg et al. 1999 ).
For the model described above, one obtains τ = 9.3 × 10 (Bennett 1998) , but preliminary macho results from their five-year analysis (Sutherland 1999) hint to a reduced optical depth as compared to their two-year analysis. The model prediction is thus in good agreement with the results obtained so far from microlensing experiments.
Another relevant prediction of the model is the distribution of event durations, dΓ/d∆t. Figure 2 illustrates this prediction for our model, along with the distribution of observed macho events.
Our model thus reproduces both the total observed optical depth towards the lmc and the observed event duration distribution, while complying with the velocity dispersion measurements. A self-lensing interpretation of all the microlensing events observed so far towards the lmc thus appears to be a plausible explanation. The events are those presented by macho at the IVth Microlensing Workshop (Cook 1998 , corrected for blending and efficiency using the formulae in Alcock et al. 1997 .
